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Air pollution refers to the occurrence of toxic substances in the atmosphere which results in detrimental
effects to human beings and living environments. Among the most common atmospheric pollutants,
Polycyclic Aromatic Compounds (PAHs) are the most common substances originated by vehicles. The aim
of the study was to investigate the accumulation of 16 PAHs in leaves of six evergreen shrubs frequently
used in Italy for urban landscaping (Elaeagnus x ebbingei, Ilex aquifolium, Laurus nobilis, Ligustrum japo-
nicum, Photinia x fraserii and Viburnum lucidum). The study was conducted in two sites: a public park and
a high trafﬁc square. Six samplings were performed in a period of 26 months during Winter. The plants
tolerance was investigated considering leaf-extract pH, total chlorophyll, leaf ascorbic acid content and
relative leaf water content. A morphological leaf characterization was also carried out considering sto-
matal density and cuticle width. Phenanthrene, ﬂuoranthene, ﬂuorene and pyrene were the major
compounds yielded in the plant leaves accounting for about 83% of SPAHs, the contributions being 53%,
11.3%, 10.5% and 8.5%, respectively. Such compounds are related to vehicular emissions. The analysis of
the PHAs accumulation and the evaluation of the plants tolerance also revealed that the efﬁciency in
trapping 5- and 6-rings potentially carcinogenic PAHs such as benzo(b)ﬂuoranthene, benzo(k)ﬂuo-
ranthene in plant leaves is highest for Elaeagnus x ebbingei, L. japonicum and L. nobilis while Elaeagnus x
ebbingei and Photinia x fraserii resulted to be those most tolerant to air pollution. The role of plants in
mitigating trafﬁc pollution is conﬁrmed.
Copyright © 2016 Turkish National Committee for Air Pollution Research and Control. Production and
hosting by Elsevier B.V. All rights reserved.1. Introduction
Air pollution refers to the condition in which the existence of
toxic substances in the atmosphere, generated by various human
activities and natural phenomena, results in damaging effects on
the welfare of human beings and the living environment (Omasa
et al., 2002). In 2013 the International Agency for Research on
Cancer classiﬁed outdoor air pollution as carcinogenic to humans
(Straif et al., 2013).
Among the most common atmospheric semi-volatile com-
pounds, PAHs are ubiquitous pollutants from both natural and: þ39 432 558603.
nal Committee for Air Pollu-
ittee for Air Pollution Research ananthropogenic sources (Cheruiyot et al., 2015). Natural sources
include forest ﬁres, volcanic eruptions and degradation of biolog-
ical materials. Anthropogenic sources are the most widespread
contributors (Lesage and Jackson, 1992), including vehicle and
furnace exhausts, coal and oil-ﬁred power plants, gasiﬁcation/
liquefaction of fossil fuels, coke and asphalt production, waste
incinerators, aluminum smelting and gas and oil ﬂare operations.
PAHs can partition among air and solid phases, with lighter con-
geners being more volatile and heavier terms essentially adsorbed
on condensed phases; most toxic terms are usually adsorbed on
particulate matter (Zhang et al., 2007; Liu et al., 2009) and in urban
environments they can easily be inhaled into residents' lung. Some
PAHs are well-known for their mutagenic, carcinogenic and tera-
togenic activities (Bostr€om et al., 2002; Shi et al., 2010). The US EPA
(1989) identiﬁed 16 priority PAHs that have become targets of
environmental investigations worldwide (Peng et al., 2012). Thed Control. Production and hosting by Elsevier B.V. All rights reserved.
G. Fellet et al. / Atmospheric Pollution Research 7 (2016) 915e924916EU Directive 2004/107/EC identiﬁed benzo(a)pyrene as amarker of
the carcinogenic risk of PAHs.
In order to mitigate the health impacts from this type of
pollution, urban forests and greenbelts have received increasing
attention for the development of efﬁcient strategies with the
objective of improving air quality. Several studies have demon-
strated the positive inﬂuence of trees, shrubs and infrastructures
such as green walls and green roofs, on the interception of par-
ticulate matter and abatements of contaminant levels in urban
environments (Currie and Bass, 2008). The study of how to exploit
this potential is the challenge for urban planners and policy-
makers, while researchers must provide more precise data on
the potential of many plant species under the speciﬁc conditions of
use. Models such as UFORE and others (Tallis et al., 2011; Nowak
et al., 2013) are available to accurately predict the concentrations
of some pollutants both before and after green space establish-
ment. It has been demonstrated that leaves of trees and shrubs can
efﬁciently trap air-borne pollutants, removing them from the ur-
ban atmosphere (Nowak et al., 2013). A number of plant species
have already been studied as PAHs scavengers (Simonich and
Hites, 1995; Slaski et al., 2000; Ahammed et al., 2012). As these
compounds are lipophilic the most important pathways through
which airborne PAHs can enter plants are (i) gas-phase and
particle-phase deposition onto the waxy cuticle of the leaves or (ii)
by uptake through the stomata. The interception process depends
on several biotic and abiotic factors, including the phase state of
PAH, leaf surface area, lipid concentration in plant tissue, octa-
noleair partitioning coefﬁcient and ambient temperature (Slaski
et al., 2000). Less important is root uptake for the fraction of pol-
lutants deposited in the soil (Simonich and Hites, 1994).
When exposed to air pollutants, most plants experience physi-
ological changes before exhibiting visible damage to leaves
(Govindaraju et al., 2012). Some basic biochemical parameters such
as membrane permeability (Farooq and Beg, 1980), glutathione
concentration (Hoque et al., 2007) and peroxidase activity (Lee
et al., 2007) were used to estimate plant sensitivity and tolerance
to air pollutants. De Nicola et al. (2011a) demonstrated that in ur-
ban environments, the photosynthetic performance with aging of
leaves of Quercus ilex strongly decreased and that this was mainly
due to impaired CO2 assimilation caused by stomata occlusion.
Other studies showed that air pollutants could also affect ascorbic
acid, chlorophyll content, leaf-extract pH and relativewater content
(RWC), as well as morphological alterations and occurrence of DNA
damages as reported by Arena et al. (2014) in Q. ilex. More specif-
ically, phytotoxicity of PAHs to for several species is well docu-
mented as inhibition of germination, growth and photosynthesis as
well as the effect of the N-heterocyclic derivates (Paskova et al.,
2006). Studies on the effects of PAHs on plants demonstrated
morphological damage and metabolic alterations such as oxidative
stress, cell death, upregulation of antioxidant systems (Liu et al.,
2009). It is likely that species-speciﬁc defensive adaptations exist
but they are not yet known (Weisman et al., 2010).
The Air Pollution Tolerance Index (APTI) is a parameter devel-
oped by Singh and Rao (1983), calculated based on four biochemical
parameters (ascorbic acid, chlorophyll content, leaf-extract pH and
RWC) and used by landscapers to select plant species tolerant to air
pollution (Seyyednjad et al., 2011; Radhapriya et al., 2012).
So far, ﬁeld studies investigating the ability of plants to absorb
airborne PAHs have been conducted by sampling and analyzing
plant fractions (mainly tree leaves) collected in two scenarios. In
the ﬁrst, pre-existing plants growing in urban and periurban areas,
along roadsides, public parks or private gardens were sampled
(Lodovici et al., 1998, 2003; Howsam et al., 2000; Lehndorff and
Schwark, 2004; Singh and Verma, 2007; Wang et al., 2008;
Lehndorff and Schwark, 2009; De Nicola et al., 2011b; Papa et al.,2012; Noth et al., 2013; Terzaghi et al., 2013). In the second sce-
nario, the plants were sampled in the surroundings of disused or
still working industrial sites (Sharma and Tripathi, 2009;
Rodriguez et al., 2010, 2012; Wang et al., 2012). So, in both cases
plants were exposed to air pollution for a long time, whereas we
studied PAHs accumulation in evergreen shrubs transplanted to
the experimental sites a couple of months before starting the
sampling. The choice to investigate shrub species rather than trees
was due to their faster growth rate and the fact that such plants
usually grow within the height range of 1e3 m from the ground,
which is very close to vehicle emissions.
The aims of this study were to: (i) investigate the concentration
of PAHs in the leaves of evergreen shrubs grown in Italy in the
public and private gardens exposed to outdoor air pollution in
urban environments, (ii) verify the relationship between the in-
crease of concentration of PAHs in the leaves and exposure time so
to select the more suitable one for environmental biomonitoring
and (iii) evaluate the APTI. In studying goals, the most suitable
shrub for green urban spaces to efﬁciently moderate atmospheric
pollution by PAHs can be selected. Given that the molecular weight
of PAHs is related to their distribution among the gaseous phase
and the particle-bond fraction of the atmosphere (low molecular
weight PAHs are predominantly present in the gaseous phase
while higher molecular weight PAHs are linked to the large particle
fractions) (Desalme et al., 2013), the present study discriminates
the pollutants according to the number of rings of which they are
formed.
2. Materials and methods
2.1. Site description and sample collection
The study, that had a duration of 26 months (November
2009eJanuary 2012), was conducted within the urban area of
Udine, N Italy (460404200N, 131401600 E and 113 m above sea level;
mean annual rainfall ¼ ca.1210 mm; mean temperature ¼ 13 C))
and was part of a project funded by the Italian Ministry of Agri-
culture, Food and Forestry (MIPAAF), Decree 11056/7643/09. This
work focused on the analysis of 16 priority PAHs based on the US
EPA list. The minimum, maximum and mean concentrations for
each PAH in each site for each species over the studied period are
reported in Table 1 (A and B).
Three-year-old potted specimens (4 plants for each species, at
each site; n ¼ 4) of 1.5 m tall Elaeagnus x ebbingei, Ilex aquifolium,
Laurus nobilis, Ligustrum japonicum, Photinia x fraserii and
Viburnum lucidumwere transplanted in November 2009 in a public
park (CAIR) and a high trafﬁc square (POSO). The experimental
sites were chosen for their proximity to Regional Environmental
Protection Agency (ARPA-FVG) air quality monitoring stations
equipped for daily detection of the concentration of PM10 (Fig. 1).
Replicates were assigned a random position within the experi-
mental area of the two sites.
Focusing on colder periods of the year when atmospheric
dispersion is less efﬁcient, air pollution provokes alerts and both
the photo- and ozone-degradation of organic contaminants is
relatively unimportant (Masiol et al., 2013), six samplings were
taken on the following dates: 10 February 2010 (F10), 14 October
(O10), 16 December 2010 (D10), 10 February 2011 (F11), 10
November (N11) and 12 January 2012 (J12).
2.2. Morphological characterization of plant leaves
One-year-old leaves of each species (n ¼ 8) were collected for
morphological characterization. Epidermal impressions were ob-
tained applying nail polish to the abaxial surface of leaves. Stomatal
Table 1
A. and B.eMinimum, maximum andmean concentrations of PAHs (mg kg1) in the leaves of (A.) Elaeagnus x ebbingei, Ilex aquifolium, Ligustrum japonicum and B. Laurus nobilis,
Photinia x fraserii and Viburnum lucidum collected in a public park (CAIR) and a high trafﬁc square (POSO). The compounds are divided into three groups (2e3 rings, 4 rings and
5e6 rings) as speciﬁed in the text, the mean concentrations are reported in brackets.
A
PAHs Elaeagnus x ebbingei Ilex aquifolium Ligustrum japonicum
CAIR POSO CAIR POSO CAIR POSO
2e3
rings
NAP 20.4e74.6 (37.7) 28.3e202.5 (86.1) 16.6e30.9 (24.8) 26.6e208.7 (68.6) 20.9e36.8 (27.0) 22.6e227.4 (81.8)
ACPY 0.8e6.1 (3.0) 2.1e9.7 (4.1) 1.3e3.2 (1.8) 1.1e5.3 (2.4) 1.9e5.9 (3.3) 3.5e10.2 (6.0)
ACP nde39.3 (7.4) 1.9e11.1 (5.6) nde6.6 (3.1) 2.4e12.4 (6.1) nde6.9 (2.9) 2.5e10.0 (6.2)
FL 8.3e42.1 (23.4) 19.8e127.2 (50.5) 6.2e25.5 (16.2) 18.9e129.7 (51.9) 17.7e33.6 (25.3) 21.7e130.4 (68.4)
PHE 149.2e314.2 (218.0) 224.8e516.8 (331.4) 124.8e252.1 (184.3) 210.8e599.2 (312.1) 129.1e274.1 (206.4) 202.6e512.0 (356.3)
ANT 7.0e18.4 (11.4) 16.0e25.6 (21.2) 2.9e22.3 (8.3) 6.4e22.9 (12.9) 2.8e15.9 (6.7) 4.3e20.2 (12.1)
P
(2e3 rings) 186.7e492 (301.0) 301.3e878.2 (498.8) 154.9e327.6 (238.4) 279.7e965.1 (454) 189.2e342.1 (271.6) 266.1e884.6 (530.8)
4
rings
FLT 27.1e84.7 (54.7) 41.3e106.8 (73.4) 20.6e51.6 (37.5) 28.1e73.4 (52.4) 25.6e69.0 (47.1) 41.2e95.8 (72.8)
PYR 6.8e51.7 (26.2) 17.2e73.0 (41.4) 4.2e22.1 (13.1) 12.7e43.0 (23.9) 5.9e30.4 (16.6) 15.4e43.7 (31.8)
BaA 1.6e8.9 (5.0) 3.0e15.3 (8.2) 1.0e5.4 (3.1) 2.0e9.3 (5.4) 1.6e9.2 (5.3) 3.7e16.8 (10.0)
CHR 1.2e12.2 (6.2) 3.1e20.1 (10.3) 1.1e9.7 (4.5) 3.6e13.7 (8.2) 1.3e13.6 (7.0) 3.9e24.6 (13.6)
P
(4 rings) 36.7e156.2 (92.1) 70.7e215.2 (133.2) 26.9e88.7 (58.1) 46.6e137.4 (90) 34.8e121.4 (75.9) 67.9e178.5 (128.2)
5e6
rings
BbF 11.0e20.2 (15.3) 7.6e25.1 (14.5) 2.9e18.3 (9.3) 5.9e33.1 (15.2) 9.1e19.2 (12.6) 9.0e26.7 (17.0)
BkF 2.6e18.2 (10.4) 6.4e22.0 (11.7) 7.4e21.5 (13.5) 11.7e18.2 (14.4) 7.9e21.2 (12.4) 6.0e15.2 (10.2)
BaP nde1.4 (0.3) nde3.1 (1.3) nde2.0 (0.4) nde1.9 (1.0) nde0.8 (0.2) nde2.9 (1.0)
IND nde2.9 (0.6) nde4.0 (1.2) nde2.3 (0.4) nde3.8 (1.1) nde1.3 (0.2) nde5.3 (1.3)
DBA ndend (nd) nde2.3 (0.3) ndend (nd) nde1.6 (0.2) ndend (nd) ndend (nd)
BghiP ndend (nd) nde4.9 (0.8) nde1.5 (0.3) nde1.8 (0.3) nde0.8 (0.2) nde3.9 (0.7)
P
(5e6 rings) 13.6e41.1 (26.6) 14e51.1 (29.8) 12.2e35.1 (23.8) 18.6e50.8 (32.2) 18.7e37.5 (25.6) 16e50.8 (30.3)
P
PAHs 262.14e585.23 (419.6) 415.71e975.64 (661.9) 201.04e411.96 (320.3) 387.75e1064.34 (576.2) 243.45e481.79 (373.2) 371.96e1020.66 (689.2)
B
PAHs Laurus nobilis Photinia x fraserii Viburnum lucidum
CAIR POSO CAIR POSO CAIR POSO
2e3
rings
NAP 17.0e74.6 (37.2) 38.7e144.2 (85.7) 21.0e51.3 (33.7) 35.0e272.6 (93.4) 21.8e33.7 (27.5) 31.8e183.0 (89.8)
ACPY 1.4e4.5 (2.9) 1.4e26.2 (7.8) 1.0e3.2 (1.6) 1.1e4.8 (2.3) 0.6e9.3 (4.2) 1.6e12.3 (6.0)
ACP nde12.3 (6.3) 7.0e20.2 (11.2) nde9.1 (3.1) 2.5e13.8 (6.8) nde49.0 (7.1) 2.8e9.9 (5.6)
FL 28.1e54.5 (40.4) 30.3e190.7 (103.2) 7.7e32.8 (17.4) 17.6e161.7 (60.1) 11.2e175.6 (43.8) 21.6e118.7 (65.4)
PHE 123.4e261.1 (195.0) 139.7e461.6 (306.2) 125.0e328.9 (188.5) 194.3e702.6 (320.9) 117.9e352.0 (211.2) 201.4e486.6 (335.9)
ANT 1.6e9.8 (4.5) 2.2e16.7 (8.9) 3.9e11.6 (6.5) 7.6e25.0 (15.1) 2.1e9.1 (4.8) 4.4e26.7 (13.2)
P
(2e3 rings) 181.8e371.6 (286.2) 364.5e755 (522.9) 167.1e430.4 (250.7) 291.6e1174.1 (498.6) 180.3e443.8 (298.6) 296.4e766 (515.8)
4
rings
FLT 23.3e74.1 (49.8) 43.6e88.4 (65.5) 20.5e65.6 (36.2) 27.1e80.8 (50.2) 21.2e66.4 (38.1) 34.6e72.6 (50.4)
PYR 5.6e45.9 (23.8) 19.2e64.9 (39.1) 3.9e23.3 (11.3) 9.6e41.2 (21.3) 4.3e26.6 (12.8) 12.1e40.8 (21.5)
BaA 1.4e9.3 (5.3) 2.7e17.8 (8.1) 1.4e8.3 (4.1) 2.9e16.5 (7.1) 1.7e7.1 (3.7) 2.4e15.3 (6.6)
CHR 1.8e15.7 (7.4) 3.2e24.9 (11.3) 1.2e11.5 (5.0) 2.9e18.7 (7.9) 1.3e13.7 (5.2) 2.0e20.0 (8.6)
P
(4 rings) 32e144.9 (86.4) 70.1e193.6 (124) 27e107.1 (56.6) 45.8e157.3 (86.5) 28.4e111.8 (59.8) 56.6e148.8 (87.1)
5e6
rings
BbF 3.2e12.2 (8.3) 7.5e18.1 (12.6) 1.5e16.3 (7.7) 2.7e17.9 (9.0) 3.2e15.5 (8.0) 5.1e20.5 (9.6)
BkF 4.9e11.7 (7.9) 5.2e12.2 (7.7) 4.8e9.0 (6.7) 5.2e11.1 (7.9) 3.6e7.7 (6.0) 6.5e14.1 (9.2)
BaP nde2.2 (0.4) nde2.3 (0.9) nde2.4 (0.4) nde5.0 (2.2) nde1.1 (0.2) nde2.1 (1.2)
IND nde1.4 (0.3) nde2.7 (0.7) nde1.6 (0.3) nde2.3 (0.4) nde1.6 (0.2) nde2.5 (0.4)
DBA ndend (nd) nde1.5 (0.2) ndend (nd) ndend (nd) ndend (nd) ndend (nd)
BghiP ndend (nd) nde4.1 (0.9) nde3.2 (0.6) nde4.7 (0.9) nde1.0 (0.2) ndend (nd)
P
(5e6 rings) 11.5e22.5 (16.9) 14.3e38.2 (22.9) 7.6e28 (15.7) 8.8e36.9 (20.4) 10.3e22.4 (14.6) 13.2e35.9 (20.4)
P
PAHs 260.52e488.89 (389.5) 510.39e851.93 (669.8) 201.74e561.47 (323) 365.74e1257.79 (605.6) 219.03e578.02 (373) 376.18e867.59 (623.2)
nd ¼ Not detectable.
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optical microscope (20).
Histological and cytological characteristics of the leaves were
determined by light and transmission electron microscope (TEM).
Pieces of leaf tissue were excised, cut into small portions and ﬁxed
for 2 h at 4 C in 0.1% (wt/vol) buffered sodium phosphate and 3%
(wt/vol) glutaraldehyde at pH 7.2. They were then postﬁxed with
1% osmium tetroxide (wt/vol) in the same buffer for 2 h, dehydrated
in an ethanol series, and embedded in Epon/Araldite epoxy resin
(Electron Microscopy Sciences, Fort Washington, PA, USA).
For histological observations, semithin sections (thickness 1 mm)
were cut from each of the species, collected on microscope slides,
stained with toluidine blue (0.5% w/v in distilled water, Electron
Microscopy Sciences, Fort Washington, PA, USA) and observed
under a Leitz Orthoplan (Leitz Wetzlar, Germany) light microscope.
For TEM observations, serial ultrathin sections from each of species
were collected on copper grids, stained in uranyl acetate and lead
citrate, and then observed under a Philips CM 10 (FEI, Eindhoven,The Netherlands) transmission electron microscopy (TEM) oper-
ating at 80 kV to determine the cuticle width.
2.3. PAHs analysis
Given that the aim was to determine the concentration of PAHs
collected on the leaves of evergreen shrubs in an urban environ-
ment, samples were not washed and pollutants present both in
leaves and particles captured on the leaf surface were extracted.
Leaf samples were dried at 40 C for 48 h and then ground,
obtaining one homogeneous sample for each species stored
at20 C until analysis. Before extraction, samples were allowed to
defrost, then ca. 1 g of dried leaves was placed in a beaker. A so-
lution of surrogate standards of deuterated PAHs (100 mL,
1.2 mg ml1 Wellington L429-IS) was added for the evaluation of
recovery rates. Leaf samples were extracted three times (3 3min)
in dichloromethane for trace analysis (Pestanal, Sigma-Aldrich,
1  50 mL, 2  30 mL) using an ultrasonic bath (Sonica®
Fig. 1. Monthly average of PM10 concentration (bars indicate the standard error; n ¼ 3) measured at the public park (CAIR) and high trafﬁc square (POSO) sites. Plant leaves were
sampled in February 2010 (F10), October 2010 (O10), December 2010 (D10), February 2011 (F11), November 2011 (N11) and January 2012 (J12).
G. Fellet et al. / Atmospheric Pollution Research 7 (2016) 915e924918ultrasonic extractor by Soltec). After every sonication leaves were
recovered by vacuum ﬁltration. The combined extracts were rotary
evaporated under reduced pressure to ca. 1 mL. The reduced ex-
tracts were puriﬁed by column chromatography on Florisil (2 g, 84%
SiO2, 15% MgO,1% Na2SO4 eMerck, 0.150e0.250 mmmesh) eluting
with dichloromethane. The eluate was evaporated to dryness by a
gentle nitrogen stream and the residue dissolved in 2 mL of
cyclohexane for trace analysis (Pestanal, Sigma-Aldrich) containing
100 mL of Pyrene-D (20 mg ml1, Aldrich 490695) as internal
standard.
The analysis was conducted by a GCeMS system (Agilent 6890/
5973 Inert, Agilent DB 5ms UI capillary column 30 m  0.25 mm
i.d. 0.25 mm ﬁlm thickness; autosampler Gerstel MPS2) with he-
lium as carrier gas. The GC oven temperature programme started at
55 C then was ramped to 200 C at 25 C min1, to 320 C at
10 C min1 and to 325 C at 25 C min1, with a ﬁnal isothermal
stage held for 10 min. The mass spectrometer operated in selective
ion monitoring (SIM) mode. The following mass ions were used for
the quantiﬁcation of individual PAHs: naphthalene (NAP, m/z: 128),
acenaphthylene (ACPY, m/z: 152), acenaphthene (ACP, m/z: 153),
ﬂuorene (FL, m/z: 166), phenanthrene (PHE, m/z 178), anthracene
(ANT, m/z 178), ﬂuoranthene (FLT, m/z 202), pyrene (PYR, m/z 202),
benzo(a)anthracene (BaA, m/z 228), chrysene (CHR, m/z 228),
benzo(b)ﬂuoranthene (BbF, m/z 252), benzo(k)ﬂuoranthene (BkF,
m/z 252), benzo(a)pyrene (BaP, m/z 252), indeno(1, 2, 3-cd)pyrene
(IND, m/z 276), dibenzo(a,h)anthracene (DBA, m/z 278), and ben-
zo(g, h, i)perylene (BghiP, m/z 276). The PAH recoveries were
calculated by: napthalene-d8 (m/z 136, for NAP), acenaphtylene-d8
(m/z 160, for ACPY, ACP, FL), phenanthrene-d10 (m/z 188, for PHE
and ANT), ﬂuoranthene-d10 (m/z 212, for FLT and PYR), benzo(a)
anthracene-d12 (m/z 240, for BaA and CHR), benzo(b)
ﬂuoranthene-d12 (m/z 264, for BbF and BkF), benzo(a)pyrene-d12
(m/z 264, for BaP), indeno(1, 2, 3-cd)pyrene-d12 (m/z 288, for
IND and DBA), benzo(ghi)perylene-d12 (m/z 288, for BghiP).
In order to quantitate the PAH concentrations and evaluate the
linearity of responses, six calibration solutions with concentration
ranging from 10 ng ml1 to 1 mg ml1 for each PAH were prepared
in triplicate by appropriate dilution of the certiﬁed PAHs standard
mixture (PAH-EPA 610 by Sigma-Aldrich) in dichloromethane trace
analysis (Pestanal, Sigma-Aldrich).The responses showed adequate linearity, with R2 ranging from
0.951 to 0.994 for NAP and BaP, respectively. In order to ensure that
the instrument was still in calibration, a mid-range calibration
standard solution was re-measured every six samples.
Limit of detection values were between 50 pg ml1 (for FLT) and
260 pgml1 (for BghiP) corresponding to 100 pg g1 and 520 pg g1
of PAH concentration in dried leaves, respectively. The analyses
were conducted in triplicate and the mean PAH recoveries were
46% for 2e3 rings PAH, 63% for 4 rings PAH and 94% for 5e6 rings
PAH. Relative standard deviation between replicates was always
below 27% for every PAH.
2.4. Air Pollution Tolerance Index
The Air Pollution Tolerance Index (APTI) of each species sampled
in July 2012, was calculated according to Singh and Rao (1983)
considering leaf extract pH, total chlorophyll content, leaf ascor-
bic acid content and relative leaf water content. Leaf extract pHwas
determined by a digital pH meter on supernatant collected after
centrifugation of 1 g leaf sample ground in liquid nitrogen and
homogenate in 10 mL of Milli-Q water (Prasad and Rao, 1982).
Relative leaf water content (RLWC) in percentage was estimated
following Henson et al. (1981). Fresh weight was determined by
weighing the fresh leaves. Subsequently the leaves were immersed
in Milli-Q water overnight at room temperature for water satura-
tion. The leaves were then blotted dry and weighed to get turgid
weight. Dry weight was determined after the leaves were kept at
105 C for 24 h. The ascorbic acid contents of leaves were deter-
mined by the colorimetric 2.6-dichlorophenol-indophenol (DIP)-
method (Keller and Schwager, 1977). Brieﬂy, 0.5 g of leaf sample
was ground in liquid nitrogen and homogenized in 20 mL of
55.54 mM oxalic acid e 2.17 mM Na2EDTA extracting solution for
30 s in an ice-bath. The homogenate was centrifuged at 1800 g for
15 min. Five ml DIP solution was added to 1 mL extract and
vigorously mixed for colorimetric determination at 520 nm using a
spectrophotometer (Pharmacia Biotech, Novaspec II). The absor-
bance due to turbidity was measured adding one drop of 1%
ascorbic acid solution to bleach the dye completely and then sub-
tracted from the sample absorbance. This value was further sub-
tracted from the total absorbance given by the extracting solution.
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chlorophyll content was determined following Arnon (1949).
2.5. Data analysis
Statistical analyses were performed using R software (http://
cran.r-project.org/) implemented with Biobase package
(Gentleman et al., 2004). PAHs concentrations have been grouped
for ease of visualization of trends, dividing the 16 compounds in
three groups according to their number of rings: 2e3 rings (sum-
ming concentrations from NAP to ANT), 4 rings (from FLT to CHR),
5e6 rings (from BbF to BghiP) as in Zhou et al. (2014). For the PAH
leaves concentration, given the non-normal distribution of data,
the multivariate technique Principal Component Analysis (PCA)
was applied. The latter reduces the number of variables revealing
the internal structure of the dataset in a way which best explains
the variance. The “new” variables produced (principal components
e PC) are linear combinations of the original variables, the results
can be displayed on bi-dimensional plots.
For the analyses of the APTI data, the 1-way-ANOVA approach
was used considering the factor species.
3. Results
3.1. Experimental sites conditions
The averages of PM10 concentrations measured by ARPA-FVG at
the CAIR and POSO monitoring stations were 36.0 and 39.0 mg m3
respectively in the period Oct/10-Feb/11 and 36.0 and 45.0 mg m3
in the period Dec/11-Jan/12. During the cold seasons, the PM10
mean concentrations recorded at POSO were higher than those in
CAIR (Fig. 1). Furthermore, the number of days in which PM10
concentration exceeded the amount of 50 mg m3 (data collected in
compliance with EU regulation), was 20 and 29 in winter 2010e11,
and 18 and 33 in winter 2011e12 for CAIR and POSO, respectively.
The statistical analysis performed on the dataset, showed that the
factor site is signiﬁcant (P < 0.005) and that the PM10 air concen-
tration at the site POSO is higher than the one at CAIR (28.2 mg m3
vs 25.5 mgm3, respectively). With regard to themonth, February is
statistically the month with the highest PM10 air concentration
(48.3 mg m3).
3.2. PAHs concentration in plant leaves
Concentrations of SPAHs in plant leaves ranged from 201.0 to
585.2 mg kg1 (mean 366.4 mg kg1) in CAIR, whereas values were
in the range 365.7e1257.8 mg kg1 (mean 637.7 mg kg1) in POSO.
The distribution patterns of PAHs were evaluated. Lighter PAHs
collected on leaves are the most abundant in terms of mass. In
particular, PHE represented 54.7% and 51.3% of the SPAHs at CAIR
and POSO, respectively. In the same sites, NAP was 8.5% and 13.2%,
FL 7.6% and 10.4%, FLT 12.0% and 9.5%, PYR 4.7% and 4.8%, respec-
tively. Together, these compounds represented about 87.6% (CAIR)
and 89.1% (POSO) of the SPAHs.
In Figs. 2 and 3 the mean concentrations behavior of 2e3 rings
and 4 rings PAHs for each species and each sampling time are
respectively reported. For 2e3 rings PAHs there was neither a clear
trend of accumulation, nor any signiﬁcant differences between
species, but we can see that POSO showed higher concentrations
than CAIR in O10 and F11 samples. Considering 4 rings PAHs, a
trend of accumulation (i.e. an increase of concentration with
exposure time) is visible for POSO site although with anomalous
data for N11 sampling.
Focusing on 5e6 rings PAHs, an accumulation trend can be
detected and quantiﬁed (Fig. 4). In Table 2 we reported thecoefﬁcient of determination R2 and slope of the linear ﬁtting of
concentrations vs. sampling times for each species and each site.
R2 was higher than 0.70 for every species in every site with the
exception of L. nobilis (Lno) in CAIR, conﬁrming a linear trend.
Considering the slopes we observed that the trend was positive for
all species and site, more pronounced for Elaeagnus x ebbingei (Ela)
in both sites.
Moreover the non-parametric Wilcoxon paired test showed a
signiﬁcant difference (at P < 0.05) between sites for the sum of 5e6
rings PAHs (1.1$102) and, singularly, for BbF (1.5$104),
BaP(5.7$105), IND (2.1$102) and BghiP (3.7$102), discriminating
between species.3.3. Principal component analysis
PCA was performed on the PAHs dataset comprising sample
replicates and excluding PAHs with the highest volatility such as
NAP, ACPY and ACP. The ﬁrst and second components explained
41.8% and 18.2% of the data variance respectively, which collectively
accounted for 60.0% of the total variance. The PCA results are re-
ported in Fig. 5.
The PCA loadings of PC1 and PC2 (weights of the original vari-
ables on the PCs) are reported in Fig. 5 on the left. The PAHs appear
separated according to their ring number.
The loadings of PAHs concentrations on PC1 were all positive,
indicating a general size component (here “degree of contamina-
tion”) (Massart et al., 1998); this means that the samples repre-
sented in the score plot (Fig. 5, on the right) which had the highest
values of PC1 were those which collected a high amount of total
PAHs.
The loadings on PC2 showed the discrimination among the
three groups of PAHs. Samples represented in the score plot which
had the highest values of PC2 were rich in lighter PAHs, on the
contrary samples with low values of PC2 were rich of heavier PAHs.
The score plot shows both site and time discrimination; a
grayscale refers to subsequent sampling/increasing exposure times,
while circles and triangles refers to CAIR and POSO, respectively.
In early samplings the POSO site looks rich in light PAHs (light
grey triangles with positive PC2 scores) while dark triangles (latest
POSO samplings) are in the quadrant with positive PC1 and
negative PC2 scores, the one of high contamination in total PAHs
and high abundance of 5e6 rings PAHs. The evident variation can
be related to a signiﬁcant presence of trafﬁc in POSO; in the
beginning of the shrub exposure, light PAHs from trafﬁc are mainly
collected on the leaves, and are later mostly displaced by heavier
PAHs, originating from the same source.
In order to highlight the diverse capability of the different
species in collecting/capturing the heavy and most toxic PAHs, the
variation of the position of scores in the PC1 and PC2 space be-
tween the ﬁrst (O10) and last sampling (J12) has been computed
for each species. The distances among centroids (i.e. [PC1;
PC2]Time1, Site, Species/ [PC1; PC2]Time5,Site, Species) at O10 and J12 for
each species represents an adimensional “leaf accumulation in-
dex” for the sampling campaign. These leaf PAH accumulation (lPa)
indices are reported for CAIR and POSO in decreasing order in
Table 3.
Table 3 shows how the accumulation indexes for POSO were
always higher than those for CAIR; in both sites the highest accu-
mulation is shown by Eleagnus species. Notably this species is the
one with higher morphological parameter “stomata density”, re-
ported in Table 4. The ranking of lPa indexes for POSO computed
from experimental PAHs analyses matches well with experimental
morphological parameter “stomatal density”, with R2¼ 0.75 and R-
Pearson ¼ 0.83 (R2 ¼ 0.56 and R-Pearson ¼ 0.80 for CAIR).
2-3 rings PAH concentration vs. Time in CAIR
O10 D10 F11 N11 J12
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
Sampling time
Ela
Iaq
Lno
Lja
Pho
Vib
2-3 rings PAH concentration vs. Time in POSO
O10 D10 F11 N11 J12
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
Sampling time
ug
/k
g
Ela
Iaq
Lno
Lja
Pho
Vib
μg/
kg
μg/
kg
Fig. 2. Sum of 5 and 6 rings PAHs concentrations (mg/kg) on leaves of Elaeagnus x ebbingei (Ela), Ilex aquifolium (Iaq), Ligustrum japonicum (Lja), Laurus nobilis (Lno), Photinia x fraserii
(Pho) and Viburnum lucidum (Vlu) from October 2010 to January 2012 in the high trafﬁc square (POSO) and public park (CAIR) sites.
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Fig. 3. Sum of 5 and 6 rings PAHs concentrations (mg/kg) on leaves of Elaeagnus x ebbingei (Ela), Ilex aquifolium (Iaq), Ligustrum japonicum (Lja), Laurus nobilis (Lno), Photinia x fraserii
(Pho) and Viburnum lucidum (Vlu) from October 2010 to January 2012 in the high trafﬁc square (POSO) and public park (CAIR) sites.
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Table 4 reports morphological, RWC and biochemical parame-
ters observed in leaves of CAIR and POSO plants. As far the Cuticle
width and the stomata density, the statistical analysis revealed that
the species is signiﬁcant (P < 0.005) in the following order:
Viburnum ¼ Laurus > Photinia > Ligustrum > Ilex > Eleagnus (cuticle
width) and Eleagnus > Photinia > Ligustrum ¼ Laurus > Ilex ¼
Viburnum (stomata density). In particular, RWC and biochemical
parameters were then used to calculate the APTI, which is shown in
Fig. 6. Relative water content was affected signiﬁcantly (P > 0.005)
by both the site and the species. The mean RWC value for the site
CAIR resulted equal to 91.3 ± 0.62% while reached a lower mean
value for the site POSO (89.5 ± 0.62%). The factors site and species
as well as their interaction (site x species) affected signiﬁcantly
(P < 0.005) the leaf pH; the statistically highest mean value wasrecorded for L. nobilis at CAIR while the lowest was recorded for
Photinia x fraserii at POSO. With regard to the chlorophyll content
(Chl), the site was not statistically signiﬁcant. The species and the
interaction revealed that the species with the signiﬁcantly highest
Chl were Elaeagnus x ebbingei at CAIR and L. nobilis at POSO while
Photinia x fraserii and I. aquifolium reached the lowest Chl at CAIR
and POSO respectively. The ascorbic acid content (AA) was statis-
tically inﬂuenced by the two single factors species and site
(P < 0.005) only.
4. Discussion
Several phenomena took place inﬂuencing the interactions be-
tween PAHs and plant leaves: (i) physical processes, such as
magnitude and sources of pollutant emissions, air transport and
diffusion of pollutants or wet/dry deposition; (ii) chemical
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Fig. 4. Sum of 5 and 6 rings PAHs concentrations (mg/kg) on leaves of Elaeagnus x ebbingei (Ela), Ilex aquifolium (Iaq), Ligustrum japonicum (Lja), Laurus nobilis (Lno), Photinia x fraserii
(Pho) and Viburnum lucidum (Vlu) from October 2010 to January 2012 in the high trafﬁc square (POSO) and public park (CAIR) sites.
Table 2
Coefﬁcients of determination R2 and slope of the linear ﬁtting of 5 and 6 rings PAHs
concentrations vs. sampling times for each species and each site (CAIR and POSO).
Sum of 5e6 rings PAHs vs. time CAIR POSO
Species R2 Slope R2 Slope
Ela 0.73 1.26 0.87 2.25
Iaq 0.73 1.21 0.77 1.75
Lno 0.10 0.11 0.83 1.08
Lja 0.70 0.87 0.98 1.57
Pho 0.85 1.02 0.93 1.47
Vib 0.81 0.69 0.82 0.99
Table 3
Adimensional leaf PAH accumulation index for each shrub species at CAIR (public
park) and POSO (high trafﬁc square) sites.
CAIR POSO
Ela (5.41) Ela (9.99)
Pho (5.11) Lno (8.62)
Lno (4.65) Lja (7.91)
Vib (4.38) Pho (7.59)
Iaq (3.98) Iaq (6.13)
Lja (3.87) Vib (5.61)
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zation and photodegradation that are inﬂuenced by meteorological
conditions and their seasonal variation; (iii) biological processes,
such as interactions between PAHs and cuticle waxes on leafLoadings
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Table 4
Morphological and biochemical parameters ± s.e. for the species collected in a public park (CAIR) and a high trafﬁc square (POSO).
Species Cuticle
width (mm)
Stomatal
density (n mm2)
Relative water content (%) pH Chl (mg g1 DW) AA (mg g1 DW)
CAIR POSO CAIR POSO CAIR POSO CAIR POSO
Elaeagnus x ebbingei 0.29 ± 0.02 885 ± 24.5 87.8 ± 1.88 87 ± 0.97 6.28 ± 0.04 6.09 ± 0.05 0.495 ± 0.05 0.492 ± 0.07 8.91 ± 1.16 4.27 ± 1
Ilex aquifolium 0.83 ± 0.06 166 ± 8.72 95.6 ± 0.41 91.9 ± 0.39 5.88 ± 0.04 5.81 ± 0.01 0.4 ± 0.01 0.263 ± 0.01 1.28 ± 0.25 0.3 ± 0.14
Ligustrum japonicum 1.17 ± 0.04 303 ± 27.2 89.5 ± 0.93 89.2 ± 0.84 5.75 ± 0.06 5.73 ± 0.06 0.215 ± 0.04 0.343 ± 0.07 1.59 ± 0.79 0.73 ± 0.00
Laurus nobilis 2.22 ± 0.23 279 ± 16.6 93.4 ± 0.19 89.9 ± 3.31 6.37 ± 0.04 6.11 ± 0.04 0.389 ± 0.04 0.54 ± 0.14 4.40 ± 1.19 4.06 ± 1.30
Photinia x fraserii 1.45 ± 0.06 365 ± 27 92.5 ± 1.07 89.1 ± 2.12 5.26 ± 0.07 4.08 ± 0.1 0.194 ± 0.03 0.476 ± 0.08 7.44 ± 2.53 3.22 ± 0.54
Viburnum lucidum 2.69 ± 0.03 112 ± 3.92 85.8 ± 1.72 89.7 ± 1.36 4.78 ± 0.06 4.62 ± 0.04 0.343 ± 0.06 0.315 ± 0.04 0.70 ± 0.08 0.60 ± 0.18
Fig. 6. Mean values of Air Pollution Tolerance Index (APTI) calculated for Elaeagnus x ebbingei, Ilex aquifolium, Ligustrum japonicum, Laurus nobilis, Photinia x fraserii and Viburnum
lucidum growing at the public park (CAIR) and high trafﬁc square (POSO) sites. Error bars with different letters indicate signiﬁcant differences among plant species at P < 0.05 at the
same site (upper case for CAIR and lower case for POSO).
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we tried to ﬁnd conﬁrmations of or discrepancies to our main re-
sults in the literature.
We reported that PHE, FLT, FL and PYR were the major com-
pounds yielded in the plant leaves accounting for about 83% of
SPAHs, the contributions being 53%, 11.3%, 10.5% and 8.5%, respec-
tively. Such compounds are related to vehicular emissions accord-
ing to Lehndorff and Schwark (2004) and Brachtl et al. (2009).
The concentrations of PHE observed in the leaves of our shrubs
(118e703 mg kg1 DW) were in the range of data reported by
Piccardo et al. (2005) on Pinus nigra and Pinus pinaster, De Nicola
et al. (2008) on Q. ilex, Wang et al. (2008) on Ginkgo biloba, Pru-
nus persica, Sophora japonica, Prunus cerasifera, Syringa pekinensis
and Euonymus japonicus, Rodriguez et al. (2010) on Tillandsia
capillaris and Terzaghi et al. (2013) on Pinus pinea, Cornus mas and
Acer pseudoplatanus.
Lodovici et al. (1994) reported data on PAHs accumulation in
leaves of L. nobilis collected in winter and spring in downtown
Florence and semiurban sites. The concentration of PHE
(2.9e34.8 mg kg1 DW) was quite low compared to our data
while values of FLT (11.6e82.4 mg kg1 DW) and PYR
(32.8e267 mg kg1 DW) were in agreement with and higher than
our data, respectively. A similar paper reported data on PAHs
accumulation in leaves of L. nobilis collected in small and me-
dium towns in Tuscany (Lodovici et al., 1998). For both FLT(6.2e155 mg kg1 DW) and PYR (0e169 mg kg1 DW) our data are
in the same range.
Regarding the potential of leaves to trap 5- and 6-rings PAHs
(e.g.: BbF and BkF), Elaeagnus x ebbingei, L. japonicum and L. nobilis
performed better than other species. To discuss our data, we refer
again to the papers by Lodovici et al. (1994,1998), that considered L.
nobilis, as well. With due precautions in comparing data, our data
are in agreement with those provided in both papers by Lodovici
et al. (1994, 1998). For example, the range of BbF concentrations
in the leaves of our species was 1.47e33 mg kg1 DW vs.
3.7e42.5 mg kg1 DW in Lodovici et al. (1998); BkF concentrations
in our case were 2.53e22 mg kg1 DW vs. 0.5e13.3 in Lodovici et al.
(1998). Our data are not far from those recently reported by
Rodriguez et al. (2010, 2012), although their work is referred to
different species (T. capillaris and Lolium multiﬂorum).
The same papers also report data on accumulation in plant
leaves of BaP, a marker for petrol-engined car and industrial
smelting emissions, which is currently the only regulated PAH. De
Nicola et al. (2005) reported a BaP accumulation of 23e70 mg kg1
DW observed in leaves of Q. ilex collected in Naples, whereas
Lodovici et al. (1994) reported 2.5e22.5 mg kg1 DW of BaP in L.
nobilis collected in Florence. In leaves of L. nobilis collected in
smaller towns Lodovici et al. (1998) recorded 0.2e13.1 mg kg1
DW of BaP. Rodriguez et al. (2012) in the vicinity of a large
aluminum production plant recorded 2.34e705, 0.25e38.2 and
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and Populus hybridus, respectively. Our data ranged between n.d e
4.95 mg kg1 DW.
As explained, the purpose of our work was not to study the
dynamics of the 16 PAHs but rather to study the differences in their
accumulation by the species, to select the more suitable one for
environmental biomonitoring. The selected species are frequently
used for urban landscaping and to grow green barriers to diminish
the pollutant impact in speciﬁc sites, i.e. school playgrounds and
urban parks. The samplings of leaves were concentrated in the
winter seasons. The reason being that it was decided to sample the
leaves in periods when the PAHs are not photodegraded or vola-
tilized due to the atmospheric conditions (Halsall et al., 2001). We
are thus unable to describe the ﬂuctuations of the lighter com-
pounds due to volatilisation and photodegradation as described in
the literature by Eiguren-Fernandez et al. (2004) and Lodovici et al.
(2003). However, we demonstrated that the accumulation of BbF,
BkF and BaP occurred more evidently in leaves in L. japonicum,
Elaeagnus x ebbingei and I. aquifolium. Winter peaks of accumula-
tion of high molecular weight PAHs were reported by Lodovici et al.
(2003) on L. nobilis, Alfani et al. (2005) on Q. ilex, Prajapati and
Tripathi (2008) on Ficus bengalensis.
The APTI described in the introduction is correlated to air
quality: RWC and total chlorophyll are negatively correlated with
air pollutants, followed by pH. Oppositely, the concentration of
ascorbic acid increases in plants exposed to air pollution because of
its role in anti-oxidant defensive mechanisms that are activated to
counteract the stress (Govindaraju et al., 2012).
In our study, we observed some apparently contradictory re-
sults. As expected, RWC and pH were lower in POSO plants than
CAIR ones; there were no differences in chlorophyll concentration,
while a higher concentration of ascorbic acid was recorded in CAIR
plants. Higher PAHs concentrations were recorded in POSO leaves
than in CAIR ones, but this did not affected the antioxidant defense
mechanisms with regard to the ascorbic acid. So, we conclude that
PAHs concentration in the leaves was not high enough to signiﬁ-
cantly change the ascorbic acid production. On the other side, the
study conducted by De Nicola et al. (2011a), suggests that the
photosynthetic activity of leaves decreased by urban trafﬁc might
be a consequence of stomata occlusion rather than a direct reaction
of plants to pollutants. This would justify the fact that the RWCwas
lower (impaired evapo-transpiration) and the antioxidant defense
mechanisms did not respond. As regards the species, APTI indicated
Elaeagnus x ebbingei and Photinia x fraserii as those most tolerant to
air pollution among those studied. This result is more consistent for
Elaeagnus x ebbingei since this species accumulated much more
PAHs than Photinia x fraserii.
From amorphological point of view, the leaves of L. japonicum, L.
nobilis and Elaeagnus x ebbingei, that are the species with the
highest concentrations of 5e6 rings PAHs, are quite different and it
is reported that there is a close relationship between leaf
anatomical structures and PAHs contents in plants (De Nicola et al.,
2008). Moreover, cuticular and epicuticular waxes play an impor-
tant role in the sorption of lipophilic compounds in leaves
(Simonich and Hites, 1994). Elaeagnus x ebbingei, having a very thin
cuticle, would have a low ability to intercept both the particulate
and vapor phase contaminants, but at the same time it has a sto-
matal density about 3 times the other species. According to Tao and
Hornbuckle (2001), this has the most signiﬁcant effect on the up-
take rate of PAHs. The waxy cuticle layer of L. nobilis and L. japo-
nicum is much thicker than Elaeagnus x ebbingei, but, on the other
hand, they have three times fewer stomata per leaf surface unit.
Finally, V. lucidum has the lowest concentrations of PAHs. In this
plant, the thickness of the cuticle is greater than the others while
the stomatal density is the lowest among our species. Elaeagnus xebbingei was also found to be the best performer in accumulating
the inorganic elements studied by Mori et al. (2015) in their work
funded by the same project.
5. Conclusions
Data on PAHs accumulation in leaves of shrubs exposed to urban
vehicular trafﬁc presented in this paper showed that among the
studied species, Elaeagnus x ebbingei, L. japonicum and L. nobilis
were the most efﬁcient. For these species a positive relationship
between PAHs accumulation and time for the compounds with
higher molecular weight was also demonstrated. So these species
would serve to trap particulatematter and the pollutants contained
therein. Although the aim of the present study was to verify the
potentials of the species to accumulate PAH from urban trafﬁc, such
positive relationship and the fact that many carcinogenic com-
pounds belong to the heavier PAH compounds, highlights the po-
tentials that plants may have not only toward PAH removal but also
in a sort of “selective” accumulation of the most hazardous com-
pounds among them.
The present study provides data that strengthen the potential
role of urban vegetation in mitigating trafﬁc pollution which is still
of great concern. Further studies are necessary to unveil the
mechanisms controlling the plant response to trafﬁc pollution.
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